INTRODUCTION
Malignant peripheral nerve sheath tumors (MPNSTs), also known as malignant schwannomas, neurofibrosarcomas, and neurogenic sarcomas, are rare, highly aggressive malignancies that arise from major or minor peripheral nerve branches or sheaths. They account for about 10% of soft tissue sarcomas (1, 2) . More than half of these malignancies arise in individuals with neurofibromatosis type 1 (NF1). The majority of NF1-associated MPNSTs arise from preexisting plexiform neurofibromas. The lifetime incidence of MPNSTs in NF1 patients is 8-13% whereas the general population has an incidence of 0.01% (1, (3) (4) (5) (6) (7) (8) . Several studies have shown that patients with NF1-associated tumors have a worse disease specific survival compared with sporadic tumors (1, 3, (9) (10) (11) (12) .
Complete surgical resection of MPNSTs is required for cure. Even with aggressive surgery and negative surgical margins, local and distant recurrence occurs frequently. Radiation and chemotherapy are additional modalities that are used to treat these tumors. However, poor response to standard sarcoma chemotherapy has been described for NF1-associated MPNST (1, 13) . Despite current multimodality therapy, the 5-year survival ranges from 35 to 50% (1, 3, 6, 7) . The role of radiation therapy in MPNST is still in evolution. Many studies have recommended the use of radiation therapy in an adjuvant setting (1, 3, 4, 10, 11, (14) (15) (16) (17) (18) (19) . Yet, only one study, to date, has shown a statistically significant increased local control with radiation therapy (10) . Thus, the primary goal of this study was to examine the role and utility of adjuvant radiation therapy in patients evaluated at the NCI for sporadic and NF1-associated MPNST. A secondary goal was to review the literature of the use of radiation therapy in MPNST.
MATERIALS AND METHODS
Medical records of patients evaluated at the National Cancer Institute between January 1990 and June 2012 for potential diagnosis of MPNST were retrieved. For inclusion in this study, MPNST histological diagnosis was confirmed by a NCI pathologist. This was www.frontiersin.org approved by the office of human subjects research protection as a retrospective analysis.
Malignant peripheral nerve sheath tumors were categorized as NF1-associated in patients with a clinical diagnosis of NF1 using consensus criteria or sporadic in the absence of a diagnosis of NF1 (20) . Clinicopathologic data collected included age at initial diagnosis, gender, tumor location, tumor size, presence of metastases, extent of resection, histology grade, immunohistochemical staining for S100, and vimentin, neoadjuvant, and/or adjuvant chemotherapy, and/or radiation. Histology grade was defined as low or high grade. Low-grade referred to as grade I and high as grade II and III (21) . Tumor location were defined as extremity (upper and lower), trunk (chest wall, proximal groin, thorax, abdomen, and retroperitoneum), or head and neck. Extent of resection were defined as R0 (negative margins), R1 (microscopically positive), and R2 (macroscopically positive) as defined in the pathology and surgical reports.
Radiation was defined as a treatment with curative intent. Radiation dose, fractions, field size, treatment breaks, and toxicities, resulting from radiation were also included. Acute toxicities were judged by radiation therapy oncology group (RTOG) criteria.
Overall survival (OS), the time from diagnosis to death, and the influence of clinicopathologic features on OS and local control was analyzed using the Kaplan-Meier method and using the log-rank (Mantel-Cox) test in the univariate setting. Statistical significance was defined as p < 0.05.
A comprehensive review of the literature for treatment of MPNST was conducted. The systematic literature search included Cochrane Collaboration Library electronic database, PubMed, RTOG.org, and ClinicalTrials.gov, using the following terms and keywords: MPNST, NF1, neurofibrosarcoma, malignant schwannoma, radiation therapy, and a combination of these terms. Studies were limited to those reported in the English language and human subjects. Original studies were reviewed independently.
RESULTS

PATIENT AND TUMOR CHARACTERISTICS
Of the 56 patients evaluated for MPNST, 33 fulfilled criteria for this study ( Table 1) . Most patients were excluded because there was not enough data or follow up. NF1-associated MPNSTs (n = 18) were more frequent than sporadic MPNSTs (n = 15). The median overall age at diagnosis was 25 years (range 9-76 years). There was a difference in median age between NF1 patients and sporadic, 15 and 41, respectively. Females constituted 33% (n = 11) of the study. There were more males in the NF1 study group as compared to the sporadic patients, 78 and 53%, respectively.
Most tumors presented as local disease but one patient in each group presented with metastatic disease. NF1-associated tumors were larger at the time of diagnosis, 438.4 cm 3 (range: 64-4377cm 3 ), whereas the sporadic tumor volume was 240.6 cm 3 (range: 10-1000 cm 3 ). MPNSTs were most commonly located in the extremity (n = 19, 58%), followed by trunk (n = 12, 36%), and least commonly head and neck region (n = 2, 6%). Both NF1-associated and sporadic tumors were most common in the extremity, 61 and 53%, respectively.
Histologic grade of these tumors reported that high-grade disease was more prevalent (n = 25). The presence of necrosis was Presence of necrosis 9 (50%) 1 (7%) S100 Positive 11 (61%) 10 (67%)
Treatment regimens
Surgery alone 4 (22%) 1 (6%)
seen in nine patients with NF1 (50%) and one patients with sporadic tumors (7%). S100 positive staining was seen in 61% of NF1 patients while sporadic tumors showed 67% positive staining. Vimentin staining was positive in three patients with NF-associated and eight patients with sporadic tumors. The extent of resection was similar in both groups. Negative surgical margins were achieved in 13 patients. R1 resection was achieved in 8 patients and R2 resection in 12. A total of 9 patients were treated with neoadjuvant chemotherapy and 20 patients (61%) treated with radiation therapy. The most commonly used chemotherapy agents for these patients included vincristine, adriamycin, cyclophosphamide, etoposide, docetaxel, ifosfamide, cisplatin, and gemcitabine. Treatment regimens consisted of surgery (n = 5), chemotherapy plus surgery (n = 8), radiation plus surgery (n = 3), and chemotherapy, radiation, and surgery (n = 17).
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Twenty patients were treated with radiation therapy ( Table 2) . Modalities of radiation included external beam (n = 15), brachytherapy (n = 2), proton therapy (n = 1), and external beam plus brachytherapy (n = 2). NF1-associated tumors (n = 10) received a median total dose of 59.4 Gy with a median of 1.8 Gy/fractions. Sporadic tumors in the adjuvant setting (n = 10) received a median total dose of 58.5 Gy with a median of 1.8 Gy/fractions. Local control rates for NF-1 patients treated with radiation were 51% at 5 years. Local control rates for patients treated with radiation were 53% as compared to 45% in those not treated with radiation at 5 years, which was not statistically significant. Patients were treated with a mix of IMRT and 3D conformal using 6 MV. The field size of the tumor that was treated was substantially larger in NF1-associated tumors as compared to sporadic tumors, 597.9 cc 3 (range: 31.5-2325.1 cc 3 ) and 290.9 cc 3 (range: 18-486.5 cc 3 ), respectively. One patient from each NF1-associated and sporadic tumors required a treatment break during radiation. RTOG acute grade I toxicities were reported in a total of eight patients, three patients in the NF1 and five patients in the sporadic groups. Toxicities included fatigue, nausea, mild dysphagia, mild erythema, mild odynophagia, and desquamation. There were no toxicities exceeding grade II. Secondary cancers occurred in three patients including pilocytic astrocytoma, brain cancer (unspecified), and liver. Two of these patients had NF1 and the liver cancer was in the field of radiation treatment.
SURVIVAL ANALYSIS
The median survival of all patients was 33 months and overall 5-year survival was 43.7% (Table 3; Figure 1 ). In the NF1-associated tumors, the OS was 22.1 months as compared to sporadic tumors with a median of 64.3 months (p = 0.13) (Figure 2A) . NF1-associated tumors treated with radiation had a median survival of 33.1 months as compared to 17.4 months with those patients that did not receive radiation treatment. Distant metastases accounted for five patients (28%) in NF1-associated MPNST as compared to seven patients in the sporadic MPNST (47%). Pulmonary metastasis was seen in three patients (17%) in the NF1-associated and seven patients (47%) in the sporadic MPNST. Poor prognostic factors that were statistically significant included incomplete resection (p = 0.007) (Figure 2B ), histologic grade (p = 0.04), and truncal tumor location (p = 0.01) (Figure 2C) . Radiation therapy was not found to be a prognostic factor for OS (p = 0.97) ( Figure 2D ).
LITERATURE REVIEW
The literature review identified 19 mostly retrospective studies published since 1973 with patients treated starting in 1920 until 2011. The studies included 20-205 patients with 17-100% with NF1. Tumor size as a prognostic factor for survival was significant in 12 studies where larger tumors had a worse prognosis. NF1 was regarded as a negative prognostic factor in seven studies. Age at initial diagnosis, where younger age was a worse prognosis for survival, was significant for four studies and tumor location for nine studies. Extent of resection was a prognostic factor in 14 studies, where incomplete resection had a worse survival prognosis. Radiation was a statistically significant local control prognostic factor in one study (10) , yet, there was a trend and recommendation for radiation in seven reports. Overall of the 19 studies, 18-83% of patients received radiation therapy treatment. Doses ranged from 12.5-90 Gy in these studies. As seen in the table, OS ranged from 16 to 65.7% (Table 4) .
DISCUSSION
Malignant peripheral nerve sheath tumors are uncommon soft tissue sarcomas. The prognosis for unresectable MPNST is poor.
There is a scarcity of data addressing radiation therapy as a local www.frontiersin.org therapy. Our study provides a detailed analysis of the treatment of patients with sporadic or NF1-associated MPNSTs as well as a review of the literature. The association between MPNST and NF1 has been documented extensively. Studies have shown that individuals with NF1 have a higher than expected frequency of MPNST (3, 9, 10, 14, 27 ). This may be because patients with NF1 have a somatic mutation in the NF1 tumor suppressor gene, which results in the development of benign nerve sheath tumors called plexiform neurofibromas, which are at risk for malignant degeneration (28) . In many studies, the mean age of diagnosis of MPNST in these NF1 patients is between 25 and 28 years old (2-4). As seen in the literature age at diagnosis has also been a prognostic factor for some studies including Wanebo et al. who found that there was reduced survival in patients younger than 30 years of age reflecting on the aggressiveness in the younger population (4). Our study similarly showed a median diagnosis of 15 years old. In sporadic tumors, the mean age of diagnosis for patients has ranged from 39 to 60 in studies (2-4). Our study likewise shows a median of 41 years old for sporadic tumors.
Some studies have shown that NF1 was a poor prognostic factor for survival statistically while others have shown a trend toward sporadic tumors being a good prognostic indicator (1, 3, 9-12, 15, 18, 22) . The 5-year survival rates of those with NF1-associated tumors ranged from 16 to 60%, whereas in sporadic tumors the rates ranged from 47 to 75% (1, 3, 9-11, 16, 22) . At diagnosis, NF1-associated MPNST tend to be large, invasive, and unresectable (1). NF1-associated MPNSTs are commonly more frequent in the trunk as compared to sporadic MPNST (6, 11) , which affects outcome because central lesions may be less amenable to surgery than are extremity MPNSTs (3, 22) . NF1-associated MPNSTs have also been thought to have a greater tendency to metastasize than sporadic MPNSTs. Ducatman et al. showed that of 62 patients with NF1-associated MPNSTs, 39% developed metastatic disease whereas only 16% of 58 sporadic MPNSTs developed metastases (3). The diagnosis of MPNST in patients with NF1 is difficult to establish clinically without biopsy because they are often mistaken for neurofibromas and therefore present at a later stage (3, 15, 29) . NF1-associated tumors had a 5-year OS of 32.2% as compared with 53.8% in sporadic tumors. Although our data does not show statistical significance (p = 0.13) for poor prognosis of NF1 patients our data does show a trend that sporadic patients have a better prognosis. Our data correlate with these studies and suggest that the need for expeditious evaluation in patients with NF1 with rapidly growing lesions.
Tumor location has been hypothesized as a prognostic factor because of the ability of complete surgical resection to be more easily achieved in extremities versus tumors in the abdomen or chest (3, 22) . Primary tumors of the extremities are also thought to be diagnosed earlier because the more visible location (10, 22) . Tumor location was found to be a prognostic factor in nine studies with extremities having the better prognosis. The location of the tumor was found to be a prognostic factor for survival in our study (p = 0.01). Tumors located in the truncal region fared worse than those with lesions in the extremities, which is consistent with the literature.
Malignant peripheral nerve sheath tumors are locally aggressive and failure to achieve local control remains the major cause of treatment failure. Complete surgical resection is the only curative treatment for sporadic and NF1-associated MPNST (1). The surgical goal is to resect the tumor with wide negative margins. In our study as well as previous studies, incomplete resection and negative margins have been shown to be statistically significant for survival (1, 3, 4, 6, 7, 9-11, 14, 16-18, 23, 26) . The results of this study indicate that complete surgical removal of the tumor is the mainstay of treatment and a strong predictor of survival. 
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Multidisciplinary evaluation of these patients is crucial in order to provide optimal care. Numerous studies have not found radiation therapy to be a prognostic factor for local control or survival (1, 3, 4, 6-8, 11, 12, 15, 16, 18, 22-25) . Yet, many studies have also stated that the use of adjuvant therapy is expanding when patients do not have clear surgical margins (1, 4, 7, 30) . Although there have been no prospective randomized trials of radiation therapy in the context of MPNST, there have been studies of the role of adjuvant radiation in adult soft tissue sarcomas (31, 32) . Yang et al. found that post-operative radiation therapy is highly effective in local control in soft tissue sarcomas of the extremities (31). Wong et al. found that the 5-year local control rates for radiation doses higher than 60 Gy was 73% as compared with 50% for lower doses (p < 0.021), showing that post-operative radiation therapy has a role in improving local control (10, 17) . Yet, in an updated study of Stucky et al. with some of the patients from the Wong et al. study as well as two more institutions, the analysis showed radiation therapy not to be a prognostic factor for local control. It was hypothesized that this may be because of an evolution of treatment with an emphasis of achieving negative margins. Even so, Stucky et al. encouraged that radiation therapy be utilized for tumors that have aggressive features including size ≥5 cm, high grade, and R1 or R2 margin status (11) . Our study similarly showed that the patients treated with adjuvant radiation were not a prognostic factor for local control. This study should also take into account that there is an inherent selection bias given the retrospective nature of the study. Patients were likely selected for radiation therapy based on more extensive tumors, margin status, and unresponsiveness to other therapies, which would bias the results toward not showing a benefit of radiotherapy. As evident by these studies, the role of radiation therapy is still being defined.
In this series, we evaluated the effectiveness of radiation therapy on survival in the setting of MPNST. Radiation therapy treatment was not statistically significant for OS in our study. These data are consistent with the literature where there is no MPNST study that shows a statistically significant difference in OS for those with radiation treatment. In a SEER analysis, high-grade tumors treated with radiation did have improved survival where they looked at 142 patients with MPNST and grouped them with other soft tissue sarcomas (33) . Although there have not been studies only looking at MPNSTs, this study would infer that high-grade soft tissue sarcomas, including MPNST, should be treated with radiation therapy. Aggressive therapeutic approaches are important in patients at high risk and every effort should be considered.
In our study, most patients treated with radiation received external beam therapy while few patients received protons and brachytherapy. In the adjuvant setting, the total radiation dose was ≥56 Gy. This is compared with previous studies, which have found that a cumulative dose of ≥60 Gy was required to provide local disease control (10, 32) . Although very few patients were treated with brachytherapy this modality was given as a boost to external beam radiation. Previous studies have evaluates the use of brachytherapy for soft tissue sarcomas and found it to be an effective treatment in combination with external beam radiation in local control (34) . One study, in particular, found the use of brachytherapy or intraoperative electron radiation therapy to be a prognostic factor for local control with a 5-year local control of 88% in those treated with brachytherapy and 51% in those treated with external beam (10) . Adjuvant external beam therapy in another study was found to have better local control then brachytherapy (35) . Only one patient in our study received proton therapy and is alive without evidence of disease. Even though there have been no studies on proton beam therapy in MPNSTs this modality of treatment may be a viable option for younger patients or to minimize toxicity.
CONCLUSION
In conclusion, our analysis shows that radiation therapy can be effective in achieving local and symptomatic control with welltolerated toxicities. Prognostic factors for survival include tumor location, histology, and extent of surgical resection. Our study is limited by its retrospective nature, small sample size, and heterogeneity in the patient population analyzed and their treatment. Prospective studies evaluating the effect of radiation therapy is required. In the adjuvant setting, it will be imperative to assess the dose and modality of treatment. The role of radiosensitizers and other novel techniques should also be explored.
